Gravitational wave measurements provide the most robust constraints on the mass of astrophysical black holes. Using state-of-the-art parameter estimation techniques and gravitational waveform models, we infer the source parameters of the loudest marginal trigger, 170502, found in LIGO from 2015-2017. If this trigger is assumed to be a binary black hole merger, we find it corresponds to a total mass in the source frame of 157 +55 −41 M . This is a factor of ∼ 3/2 higher than that of the heaviest confirmed detection, GW170729. The primary and secondary black hole masses are constrained to 94 +44 −28 M and 62 +30 −25 M respectively with 90% confidence. We find χ eff = 0.49 +0.31 −0.63 , the effective spin aligned with the total angular momentum vector, which has most of its support at larger values than the other O1/O2 events. Further, we find the inclusion of higher order harmonics narrows the confidence region for the total binary mass by 10%. Our study illustrates the necessary techniques for inferring the physical parameters of intermediate mass black hole binary candidates ( 100 M ) in the current gravitational wave network.
INTRODUCTION
Gravitational wave detectors have begun a unique survey of the transient sky, enabling a census of coalescing binary black holes in the local universe. The Advanced LIGO (Aasi et al. 2015 )/Virgo (Acernese et al. 2015) network is most sensitive to black hole mergers with binary masses of order ∼ 200 M (∼ 400 M ) in the source (detector) frame (The LIGO Scientific Collaboration & the Virgo Collaboration 2013; Jani et al. 2019) . Still, no event with binary mass above ∼ 95 M was found in the first and second observing runs of these detectors (O1/O2, 2015-2017, ∼ 166 days of total data) with the probability of astrophysical origin over 50% (The LIGO Scientific Collaboration & the Virgo Collaboration 2019a,b) .
However, the loudest marginal candidate reported across O1/O2 data occurred on May 2nd, 2017. Henceforth known as IMBHC-170502, this candidate was found with a false alarm rate of 0.34 yr −1 by a transient burst search developed for detecting mergers of intermediate mass black holes (IMBHs) 1 at the low-frequency regime of LIGO-Virgo detectors (Klimenko et al. 2016) . Follow up parameter estimation of this trigger suggested a source frame chirp mass of ∼ 70 M . The candidate had a signal-to-noise ratio S/N ∼ 6, less than the standard detection threshold of 8. The two additional matched-filtering algorithms (Messick et al. 2017; Usman et al. 2016 ) that contributed to IMBH search in O1/O2 registered this candidate at much lower significance (see Appendix D of The LIGO Scientific Collaboration & the Virgo Collaboration (2019b) for further discussion).
In this study, we reanalyze O1/O2 data at the instance of IMBHC-170502 to determine its potential source parameters with two new state-of-the-art tools: (i) a rapid Bayesian inference algorithm (Lange et al. 2017 , and (ii) a numerical relativity simulation-based waveform model that includes radiated higher order modes ( , |m|) beyond the dominant (2, 2) mode (Varma et al. 2019 ). These higher order modes are critical for analysis of such massive black 
s f y 9 E N p 9 w 5 h T 9 w P n 8 A v 9 q U P g = = < / l a t e x i t > The two colors refer the two waveform models NRHybSur3dq8 (blue) and SEOBNRv4HM (red). The dotted lines refer to results for including all the higher order modes in the waveform ( ≤ 5), the thick lines restrict models to = 2. The numbers quoted above each column are the median, with the 90% interval obtained from NRHybSur3dq8 using all the available higher order modes.
hole mergers (Calderón Bustillo et al. 2018) . We find that our reanalysis tightens the constraint on the total-mass of this trigger, as well as suggests a non-zero effective spin. This is consistent with the proposed hierarchical formation channels (Rodriguez et al. 2019; Yang et al. 2019) .
No trigger in gravitational wave astronomy is unique, meaning if we see it once, we will see something similar again; and, therefore the purpose of this study is not to make new statements on the detection confidence of IMBHC-170502 itself, the event rate limit of candidates like it, or its particular implications for the black hole population. Rather, our goal is to demonstrate the power of new machinery that allows us to infer the properties of intermediate mass black hole candidates ( 100 M ) in the current generation of gravitational-wave detectors.
METHODOLOGY
To infer binary parameters via Bayesian inference, we use an algorithm called RIFT (Rapid parameter Inference via Iterative Fitting, Lange et al. (2017 Lange et al. ( , 2018 ). This algorithm iteratively constructs and refines an approximation to the Figure 2 . The five heaviest binary black hole mergers reported from Advanced LIGO/Virgo data from 2015-2017, as a function of source frame total mass vs. luminosity distance. The contours refer to 90% intervals and the transparent dots show the spread of the posterior sample. With the the black contour, we show the constraints on IMBHC-170502 using the NRHybSur3dq8 model with all the available higher order modes. The blue contours show the three heaviest confirmed binary black hole mergers -GW17029, GW170823 and GW170818 -as reported in GWTC-1 (The LIGO Scientific Collaboration & the Virgo Collaboration 2019a). In the orange contour, we show candidate 170817A found by an independent team (Zackay et al. 2019 ). The horizon distances for non-spinning, equal-mass binary black holes (black curves) are computed at different S/N for a single detector Advanced LIGO sensitivity during O2.
marginal likelihood over the extrinsic (θ := distance, sky location, inclination) and intrinsic (λ := black hole masses, spins) binary parameters,
RIFT's structure and organization is well-suited to analyzing models with higher order modes, which are essential to the interpretation of high mass candidates like IMBHC-170502 (Calderón Bustillo et al. 2018; Healy et al. 2018) .
Internally, RIFT decomposes the outgoing radiation into spherical harmonics to compress and accelerate the likelihood. As a result, RIFT is exceptionally capable at employing many modes with low cost. It has the unique capability to perform parameter inference with an arbitrary set of modes, as needed to best characterize the impact of higher order modes on parameter inference. RIFT, as with all parameter estimation methods, requires waveform models to interpret the gravitational wave signals from binary black hole coalescence. Here, we use the NRHybSur3dq8 approximation (Varma et al. 2019 ). This is a hybrid waveform model tuned directly to numerical relativity simulations. This waveform model is valid up to mass-ratio m 2 /m 1 ≤ 1/8 and for binary black holes with aligned spins |χ 1z,2z | ≤ 0.8 (in dimensionless units) but extrapolates well to |χ 1z,2z | ≤ 0.9 (Varma et al. 2019 ). The specific advantage of using NRHybSur3dq8 model for IMBHC-170502 is that it includes radiated higher order waveform modes of up to ≤ 4 and ( , |m|) = (5, 5). For comparison, we also use the effective one body waveform model, SEOBNRv4HM (Cotesta et al. 2018) . Along with the dominant (2,2) waveform mode, this model includes selected higher order modes and is valid for the aligned-spin configuration.
We use both these waveform models to conduct a full parameter estimation of IMBHC-170502 with the RIFT algorithm. To test the impact of higher order modes, we conduct a separate estimation, this time only including the dominant = 2 modes of each waveform. (see Fig. 1 and Table 1 ). We adopt the conventional mass and distance priors for Advanced LIGO/Virgo data analysis: a uniform mass density in the detector frame and uniform in the cube of the luminosity distance. For the spins, we adopt a uniform prior for χ i,z , component of black hole spins aligned with angular momentum, and assume there is no in-plane spin components. For the NRHybSur3dq8 runs, the spin prior is restricted to χ i,z ∈ [−0.9, 0.9], while the spin prior ranges from χ i,z ∈ [−1.0, 1.0] for the EOB runs.
RESULTS & DISCUSSIONS
Black hole masses -By using all available higher modes in the NRHybSur3dq8 waveform model, we find that IMBHC-170502 corresponds to a total binary mass in the source frame of M source tot = 157 +55 −41 M with 90% confidence interval. This makes the trigger heavier than all previous sources in the first and second observing runs of Advanced LIGO (see Fig. 2 ). The corresponding redshift and luminosity distance is constrained to z = 1.4 +0.9 −0.6 and d L = 10 +8.9 −5.4 Gpc, which makes it potentially the farthest gravitational-wave source. The observed trigger, therefore, was strongly redshifted, and the detector frame mass was about ∼ 3 times heavier.
At this total mass, the sensitivity of Advanced LIGO detectors in O2 was up to ∼ 8 Gpc (at the detection threshold of S/N = 8). Considering this trigger was sub-threshold with a network S/N ∼ 6, it is reasonable that LIGO Livingston (the more sensitive detector) must have recorded S/N 6/ √ 2 ∼ 4. This suggests IMBHC-170502 was at a distance consistent with detection volume (see Fig. 2 ).
The primary black hole mass in the source frame was constrained to m src 1 = 94 +44 −29 M . While the median is higher than any previous findings, within 90% bounds, this will slightly overlap with the primary black hole of GW170729, the heaviest confirmed detection from GWTC-1. The secondary black hole was constrained to m src 2 = 62 +30 −25 M . Within 90% bounds, this again can be consistent with the primary black holes reported in GWTC-1 (The LIGO Scientific Collaboration & the Virgo Collaboration 2019a). While the constraints on mass ratio are usually not as stringent with such massive binaries, we find that IMBHC-170502 has q = m 2 /m 1 1/4. Black hole spins -For sufficiently massive binaries, only the merger is recorded in the LIGO frequency band, and so the individual black hole spins and their evolution remain ill-constrained. We therefore focus on constraining effective spins, χ eff , the net component of mass-weighted spins projected on the orbital angular momentum axis, (for definition, see Ajith et al. (2011) ). For IMBHC-170502, we constrain χ eff = 0.49 +0.31 −0.63 with 90% confidence. The median and upper-bounds of χ eff are significantly higher that reported earlier for this trigger (see Appendix-D of The
